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Abstract 

A complete set of linearly independent observables in Compton scattering with ar- 
^ . bitrarily polarised real photons off an arbitrarily polarised spin-1 target is introduced, 

Ch \ for the case that the final-state polarisations are not measured. Adopted from the one 

widely used e.g. in deuteron photo-dissociation, it consists of 18 terms: the unpolarised 
cross section, the beam asymmetry, 4 target asymmetries and 12 asymmetries in which 
both beam and target are polarised. They are expressed by the helicity amplitudes and 



and 



^\ ' — where available - related to observables discussed by other authors. As application 

'^ . to deuteron Compton scattering, their dependence on the (isoscalar) scalar and spin 

• I dipole polarisabilities of the nucleon is explored in Chiral Effective Field Theory with 

^! ' dynamical A(1232) degrees of freedom at order e^6^. Some asymmetries are sensit- 

fT^ ■ ive to only one or two dipole polarisabilities, making them particularly attractive for 

experimental studies. At a photon energy of 100 MeV, a set of 5 observables is iden- 
tified from which one may be able to extract the spin polarisabilities of the nucleon. 
These are experimentally realistic but challenging and mostly involve tensor-polarised 



^ . deuterons. Relative to Compton scattering from a nucleon, sensitivity to the "mixed" 



spin polarisabilities jeim2 and ^mie2 is increased because of interference with the D 
wave component of the deuteron and with its pion-exchange current. An interactive 
Mathematica 9.0 notebook with results for all observables at photon energies up to 
120 MeV is available from hgrie@gwu.edu. 
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1 Introduction 

Conipton scattering 7X — )■ 7X at energies below 1 GeV explores the two-photon response of 
the internal low-energy degrees of freedom in the nucleon and in the lightest nuclei. Since 
the electric and magnetic fields of a real photon induce radiation multipoles by displacing 
the charged constituents and currents in the target, energy-dependence and multipolarity 
of the emitted radiation test the symmetries and strengths of the interactions between and 
with them; see a recent review for details [l|. In deuteron Compton scattering, one not 
only has access to the proton and neutron response, but also to how photons couple to 
the charged pion-exchange currents, thus testing nuclear binding in the simplest stable few- 
nucleon system. In addition, the constructive interference with the D wave component of 
the deuteron can be expected to lead to increased sensitivity of the hadronic response to 
the quadrupole components of the photon fields. 

A new generation of high-luminosity facilities like HI7S, MAMI and MAX-Lab with near- 
100% linear or circular beam polarisation have started to explore these opportunities. Dense 
deuteron targets with vector polarisations approaching 90% are standard. Since tensor and 
vector polarisations are related when in thermal equilibrium with a solid lattice, most vector- 
polarised deuteron targets automatically also provide tensor polarisation degrees of < 75% 
- and the potential for greater values in dedicated set-ups [21-1^. 

Now is thus an opportune moment for a comprehensive classification of independent deu- 
teron amplitudes and observables. For the spin-i case, this has been provided by Babusci 
et al. (5| . For the deuteron, Chen, Ji and Li |6| constructed a basis for those 12 amplitudes 
which remain linearly independent after parity and time-reversal invariance have been in- 
voked on the [2(photon hehcities)x 3 (deuteron helicities)]^(both in- and out-state)= 36 heli- 
city amplitudes. However, a corresponding list of 23 independent observables (12 complex 
amplitudes minus an overall phase) is missing. While several single and double polarisation 
observables have been constructed and their sensitivity to the nucleon polarisabilities ex- 
plored |6|-[l0|, no systematic study of vector and tensor polarisation observables exists. Only 



one tensor observable has been considered explicitly, namely for an unpolarised beam |11- 
Il3| . What is more, some deuteron "vector" observables which were defined analogous to 
the spin- 1 case will be shown to actually receive contributions from both vector and tensor 
polarisations. 

For the case that the polarisations of the final state are not detected, this work aims 
to classify all 18 independent observables and their relation to the helicity amplitudes. At 
present, this seems to be the experimentally most feasible situation. Instead of simply 
extending the work by Babusci et al. to the spin-1 case, the starting point is the most 
general cross section of an arbitrarily polarised photon beam on an arbitrarily polarised 



spin-1 target, in a form which is well-known e.g. from deuteron photo-disintegration [IJ]. It 
is parametrised in terms of the unpolarised cross section, 1 beam and 4 target asymmetries 
as well as 12 double asymmetries and has the added benefit that experiments in less-than- 
ideal settings can easily be described as well, like when residual or mixed target and beam 
polarisations exist. A future publication will define and study 5 additional independent 



polarisation transfer observables [15[. A complete set of independent Compton scattering 



observables will then be available from which the 23 real parameters which characterise 
deuteron Compton scattering (i.e. its independent amplitudes) can be reconstructed in full. 

The second part of this article explores the sensitivity of the 18 observables to the two-photon 
response of the individual nucleon. Remember that the proportionality constants between 
the electric or magnetic field of the incident photon and the radiation multipoles induced in 



each nucleon are the energy-dependent (dynamical) polarisabilities of the nucleon 16|, [17 . 
They parametrise the stiffness of the nucleon A^ (spin |) against transitions XI — )■ Yl' 
of definite photon multipolarity at frequency uj {I' = I ± {0;!}; X,Y = E,M; Tij = 
^{diTj + djTi); T = E,B); see e.g. [l|, [l8[ and references therein. Re- written as point-like 
interactions between photons and nucleons, the terms which contain photon dipoles read: 



2tt N^ [aEiico) E^ + I3mi{uj) B^ + 1eiei{oj) a ■ {E x E) + 7mimi(c^) a ■ (B x B) 
- 2^MiE2ico) a' B^ E,j + 2^EiM2itu) a' E^ B,, + . . .] N 



(1.11 



Since each interaction with a photon leaves a unique signal in such dispersive effects, 
Compton scattering allows studying symmetries and dynamics of the hadronic constitu- 
ents in detail. 

The zero-energy values, aEi '■= a_Bi(w = 0) etc., are often quoted as "the (static) po- 
larisabilities". Two scalar polarisabilities aEi{oo) and Pmi{^) parametrise electric and mag- 
netic dipole transitions. The four dipole spin-polarisabilities •yEiEii'^), 1mimi{^), 1eim2{^) 
and 7mie2(i^) encode the response of the nucleon spin-structure. These are particularly 
interesting since, intuitively interpreted, they parametrise the bi-refringence which the elec- 
tromagnetic field associated with the spin degrees causes in the nucleon, in analogy to the 



classical Faraday-effect [18|. The information accessible in Compton scattering thus goes 
well beyond that in tests of the one-photon response e.g. in form-factor experiments. 

Theoretical input is of course needed to carefully evaluate data-consistency in one model- 
independent framework for hidden systematic errors; identify the underlying mechanisms 
using minimal theoretical bias, like the detailed chiral dynamics of the pion cloud and of the 
A(1232) as the lowest nucleon resonance; and, most importantly, explain how these findings 



emerge from QCD by relating to emerging lattice simulations, see most recently |19l-l21 
The polarisabilities also enter as one of the bigger sources of uncertainties in theoretical 
determinations of the proton-neutron mass shift; see e.g. most recentl y |22| . and of the two- 
photon-exchange contribution to the Lamb shift in muonic hydrogen |23|-|25|. For all these 
goals, Chiral Effective Field Theory (xEFT), the low-energy theory of QCD and extension 
of Chiral Perturbation Theory to few-nucleon systems, adds objective estimates of the the- 
oretical uncertainties. Indeed, xEFT has been particularly successful in describing proton 
and few-nucleon Compton scattering, starting with the first calculation and sensitivity study 



of the scalar polarisabilities in xEFT |26l . I27j . Ref. [![ contains details on its history and 



status in Compton scattering, as well as on xEFT variants not discussed here. 

Having established a consistent database from all available proton and deuteron data 
below 350 MeV in Ref. [l|, the static scalar polarisabilities of the proton were recently 



extracted in this framework with a x^ per degree of freedom of 113/135 28|: 

a^ll = 10.7 ± 0.3(stat) ± 0.2(Baldin) ± 0.3(theory) 
/3jp)^ = 3.1 T 0.3(stat) ± 0.2(Baldin) t 0.3(theory) 

Throughout, polarisabihties without superscripts denote isoscalar quantities, and the canon- 
ical units of 10~^ fm^ for scalar and 10~^ fm^ for spin dipole polarisabihties are understood. 
Since the deuteron is an isoscalar, elastic scattering on it provides of course only access 
to the isoscalar (average) nucleon polarisabihties. In Ref. p|, these were found to have much 
larger errors since deuteron data is less accurate and more scarce (with x^/d.o.f.= 24/25): 

aEi = 10.9 ± 0.9(stat) ± 0.2(Baldin) ± 0.8(theory) 

13^^ = 3.6 T 0.9(stat) ± 0.2(Baldin) t 0.8(theory) ^ ' ^ 



These results were derived using the Baldin sum rules, whose isoscalar variant reads [l[: 

aEi + Pmi = 14.5 ± 0.3 . (1.4) 

These publications also discuss in detail the fit procedure and residual theoretical uncer- 
tainties. Comparing Eqs. (11.21) and (11.31) shows that within the data-dominated error, the 
two-photon responses of the proton and neutron as parametrised by the scalar polarisabihties 
are identical. A particularly interesting prediction of xEFT is that small proton-neutron dif- 
ferences stem from chiral-symmetry breaking interactions with and in the pion cloud around 
the nucleon, probing details of QCD. Experiments are therefore underway and planned to 
improve the Compton scattering database; see e.g. [jj for details. Their other focus are the 
spin polarisabihties. Only the linear combinations 70 and '-/■„■ of scattering under 0° and 180° 
are somewhat constrained by data or phenomenology. Conflicting results from MAMI and 



LEGS exist for the proton, and large error-bars are found for the neutron |29| . The isoscalar 
values are in the range (see also [1Q|): 

70 := —lElEl — IMIMI — 1E1M2 — 1M1E2 ~ 

(1.5) 

1-K ■= -lElEl + 7A/1A/1 - 1EIM2 + 1MIE2 ~ [5 . . . 15J 

A comprehensive classification of independent amplitudes and observables is thus warranted, 
including a detailed study of dependencies on scalar and spin polarisabihties. Insofar, this 



publication extends the so-far most thorough work in Ref. [10|, including its Erratum. 



After defining the most general cross section without detection of the polarisations of the 
final state in Subsec. 12.21 the remainder of Sec. [2] is devoted to the more technical issues of 
relating its observables to the helicity amplitudes of deuteron Compton scattering and to 
other parameter-combinations found in the literature, including the Babusci-classification. 
Section [3] discusses the sensitivity of the observables to the dipole polarisabihties, with 
an eye towards potential experiments. It also proposes a road-map to the isoscalar, spin- 
independent and spin-dependent nucleon polarisabihties from high-accuracy experiments 
with deuteron targets. A customary summary in Sec. H] rounds off the article. 



2 Constructing Observables 



2.1 Kinematics and Polarisation States 



This presentation follows the reviews of Arenhovel and Sanzone IJ], and Paetz [2]. In- 
spired by the former, the kinematics is pictorially represented in Fig. [1] The photon beam 




Figure 1: (Colour on-line) Kinematics of deuteron Compton scattering: incoming photon 
along the 2;-axis, linearly polarised at an angle (p^-^ relative to the scattering plane {xz- 
plane); scattering angle 6; deuteron polarisation axis d with azimuthal angle "d^ and angle 
ifd between d and the scattering plane; y-axis the normal of the scattering plane; k [k') the 
momentum of the incident (outgoing) photon. 



polarisation is described by a density matrix with entries 



(p^"^)aa' ■■= (^Ip^'^I^) 



JAA' 



\P. 



(7) 



5a,_a' PiS e-2^^^- 



(2.1) 



,(7) 



Here, P^^^'^ G [~lj 1] is the degree of right-circular polarisation, i.e. the difference between 
right and left circular polarisation, with P^v^^ = +1/ — 1 describing a fully right/left circularly 
polarised photon (positive/negative helicities A, A' = ± by e± = —-7^{ey iie^)). The degree 

of linear polarisation is parametrised by P^^ G [0; 1], with tpun E [0; 7r[ the angle from the 
X-axis to the polarisation planqj, i.e. a photon polarisation enn = Cx cos (fun + Cy sin ipun. 

Today's deuteron targets are both vector- and tensor-polarised along the same axis |2|. 
Let the axis d in which p^'^^ is diagonal be oriented as in Fig. [H i.eo 



d 



I Sin-^d COS(y9d \ 

sin^d siny^d 

COS'i^d 



V 



(2.2) 



with azimuthal angle -^d E [0; vr] and polar angle ipd G [0; 27r]. The entries of the polarisation 



^This definition varies from ttiat of [ij], whose angle cj) is counted from the polarisation plane to the 
normal of the scattering plane, i.e. (pun = — </>■ 

^This definition varies from that of [l4|, whose angles are defined a.s (j)d — (f> = ^d, but still dd = 'dd- 



density matrix are then in the basis M^= (1; 0; —1) of magnetic quantum numbers along d: 



Ps 



(d) 



1 

3 



p!^'^ 1 



I ^^" 



/ 1 \ 


\ -1 



V2 



p(d) 
-'2 



1 


y 





-2 





l/J 



(2.3) 



The subscript denotes of course that the system is quantised along the rf-axis, not the z- 
axis, and is kept for comparison with the literature |2|, [lj|. Here, Pq .= 1 parametrises 



the part of the deuteron density matrix which behaves like a scalar under rotations, while 



>(d) 



,(d) 



P[ and Pg characterise the parts which transform like an (irreducible) vector and tensor 
operator, respectively. These can be related to the degrees of vector and tensor polarisation 
in Cartesian coordinates: along this quantisation axis, a fraction p±x) > populates the state 
with magnetic quantum number Mj- = ±1, 0. The overall norm is p^ + p^ + Pq = 1. The 

degree of vector polarisation is in Cartesian coordinates Pz 

and that of tensor polarisation is P^z = p+ + P- — 2po = 



Since furthermore 1 > p±fi > 0, another constraint is 2v2 > Pg 



-P^-p^ = ^lPre[-l;l], 

l-3po = V2 Pf^ G [l;-2]. 



V3\pr\ > -V2. 



When the deuteron spins are in thermal equilibrium with a solid lattice, tensor and vector 



(d) 



,(d)^ 



polarisations are related by P^^ = 2 - ^^4 - 3P2, i.e. P^""' = ^2-^2- (P^^ 

The advantage to decompose p^'^^ into irreducible representations of the rotation group 
is that it is then particularly simple to change the quantisation axis from d to the beam 

axis k := k/u = e^; cf. (30|, Subsect. 13]. Ref. [1J| finally provides the angular momentum 



representation of the spin-1 polarisation density matrix which is diagonal along d: 



P'-I' ■■= {mV'^H 



'^^ y V2TT1 pf ^ y (^ ^ M e^^^'^ 4,o(^d 



(2.4) 

The conventions for 3j-symbols and reduced Wigner-ti matrices are those of Rose |30| and 
Edmonds 31 , also listed in the Particle Data Booklet 32 



2.2 Parametrising the Cross Section 

Like any reaction 7d — )■ X, deuteron Compton scattering and deuteron photo-disintegration 
share the same in-state. As long as the final-state polarisations are not detected (i.e. are 
summed over), their differential cross sections are thus characterised by the same depend- 
ence on the initial-state deuteron and photon polarisations. One can therefore adopt the 



5 



decomposition familiar from deuteron photo-disintegration 1J| to Compton scattering: 



da 



da 

dn 



unpol 



(7) 



1 + J:''%UJ,e)PZ> COs2<^Hn 

7=1,2 
0<A/</ 



[u, 



>(d) ^I 



,(7) 



TT 



7=1,2 
0<A7<7 



Pr <,o(^d) P^ili sin[M^d + ^5ni 



(2.5) 



+ Yl ^/m(^, 0) pP 4/o(^d) P^^ cos[M^d - 2(pnn - ^^/i 



7=1,2 
-KAKI 



Besides the trivial limitations / G {0; 1; 2} and \M\ < I, the summations in Eq. f l2.5p are 
easily shown to be constrained by trivial zeros and double counting of angular dependencies: 

Tnn = 1, i.e. the first factor in Eq. f l2.5p could also be written as 1 = Tqq Pq ; 
- ^^y+J^ Xj _j^j^ and in particular Tn 



'00 = 

^ Tim 



10 



0; 



' \I+M + lrpc 
J -Lj _Ml CliJ-U^ iiJ- pcXl UIL-UICXI -t QQ 

an unpolarised target, identical zero due to rotation invariance) and T^q'''^ = 0; 






™'^ and in particular Tqq'^ = (the circular-beam asymmetry on 



-^00 



■'lin 



The cross section is thus fully parametrised by the following linearly independent functions: 

da 



- 1 differential cross section 



dQ 



of unpolarised photons on an unpolarised target; 



unpol 



- 1 beam asymmetry of a linearly polarised beam on an unpolarised target S^'°; 

- 1 vector target asymmetry of an unpolarised beam Tn; 

- 3 tensor target asymmetries of an unpolarised beam T2M, M = 0, 1, 2; 

- 2 double asymmetries of circular photons on a vector polarised target T^"f, M 

- 2 double asymmetries of circular photons on a tensor polarised target T^j^^/, M 



0,1; 



1,2; 



- 3 double asymmetries of linear photons on a vector target T]'^, 



M 



5 double asymmetries of linear photons on a tensor target Tg"^, M 



0,±1; 
0,±1,±2. 



Since these 18 real, independent functions of scattering energy and angle are of course 
process-dependent, those discussed in Compton scattering differ from those in e.g. deuteron 
photo-disintegration. The decomposition of Eq. (12. 5p holds in any frame, but the functions 
are frame-dependent. It also applies when the polarisation of the target and/or scattered 
photon is detected in the final state, without specifying the initial state. The 18 recoil 
polarisations are thus identical to the functions above. 



6 



2.3 Matching Helicity Amplitudes to Observables 

Deuteron Compton scattering amplitudes T are usually described in the helicity basis (de- 
pendencies on uj, 9 and other parameters are dropped for brevity in this Section): 

42a/:=(^/,A/|T|M„A.) , (2.6) 

where Aj/j = ± is the circular polarisation of the initial/final photon, and Mj/j is the 
magnetic quantum number of the initial/final deuteron spin, i.e. Mi/f G {0; ±1}. In the 
following, the indices and summations over the final-state polarisations are suppressed as 
self-understood, i.e. AMiXi = ^a/x^ ^^'^- -'■^ addition, it is convenient to introduce an abbre- 
viation for the sum over all polarisations of the squared amplitude: 

\Ar.= J: \A,,xf ^ E \aZ!\' ■ (2.7) 

M„Xi Mf,Xf;Mi,Xi 

The cross section of Compton scattering of a photon beam with the density matrix p^'^'' from 
a target with density matrix p^'^\ without detection of the final state polarisations, is then 

^ = $^ tr[Tp(^)pWTt] , (2.8) 

where the trace is taken over the polarisation states and $ is the frame- dependent flux 
factor, e.g. in the centre-of-mass and lab frames: 

_ Md 1 ^ _ ^d 1 

'" ~ 47 ZZWW+^ ' '"'' ~ 47 Md + a;iab(l-cosM ' 

Transformations between lab and cm kinematics are found in a recent review [l|. Sec. 2.3]. 
By inserting the density matrices of Eqs. 02. ip and (12. 4 p into Eq. (12.80 . one obtains the 
cross section in terms of the amplitudes, as function of photon polarisations P^:^^ and Pj-^ 
with polarisation angle cpua and deuteron polarisation P) and orientation {■t}d,(pd). The 
functional dependence of the result on these parameters is easily matched to the paramet- 
risation in Eq. ( 12. Sp . For the unpolarised part, one finds of course: 



da 



$2 ^ 
= -l^r . (2.10) 

unpol 



7 



The asymmetries are then (these definitions obey the constraints discussed in Sec. 12. 2p : 
^ii„|^|2 ^ - ^ Am,a.A;,^,_a, (2.11) 



Mi,Xi 



Mi,M[,\i V * « / 

T-;i^r = v/^(^7TI)i^- $: (-)"'" ^^fi L U^^^^^^^k'A. (2-13) 



M.M',A. ,M. -m; -M 



Tjil^l^r = V3(2/+l) 5^ (-)-*'' (iA.f^^ Af ( ^ _^ _ ^ UM.A.A^2_.i4) 



Mi.M'Xi 



M -m; -a,-m 



These exphcit forms can also be used to determine which observables are nonzero only due 
to inelasticities. Cross sections and, concurrently, the functions T}^"^, T[m, ^/m " ^^^ ^^ 
course real. The Compton amplitudes Am^x^ are real below the first inelasticity, so that the 
occurrence of the imaginary unit in six of the observables in Eqs. (12.111) to (I2.14p indicates 
that they are zero there, namely 

below the first inelasticity: Tn = , T^f^^^ = , T^^q^^^) = 0. (2.15) 

2.4 Complete Experiments? 

The deuteron Compton amplitude contains 2 independent complex amplitudes for a scalar 
target, 4 more for a vector target, and 6 more for a tensor target; see e.g. |6|. How many 
and which of them are accessible with polarised beam and/or target, but without measuring 
outgoing polarisations (or, by time-reversal invariance, vice versa)? Those which cannot be 
determined must be probed in polarisation transfer experiments. These are significantly 
harder because of the difficulties to measure recoil and scattered-photon polarisations. 

As a warm-up, one could consider first the Compton scattering below the first inelasticity, 
where all amplitudes are real. This is however of limited use in deuteron Compton scattering, 
where the first appreciable breakup process, 7d — )■ pn, starts at a cm photon energy of 
Bd = 2.225 MeV, namely so low that the amplitudes have significant imaginary parts in the 
experimentally interesting regioiu. In contradistinction, the first appreciable inelasticity on 
the proton starts at the one-pion production threshold. 

Above the first inelasticity, 23 independent real amplitudes exist, namely 3 for a scalar 
target (2 complex minus an overall phase), 8 more for a vector target, and 12 more for a 
tensor target. Since the 6 observables of Eq. (12.151) are nonzero there, one finds: 

- For scalar targets, only 2 of 3 observables are accessible, leaving 1 to be determined 
from a polarisation transfer observable. 



^The first inelasticity opens at zero energy, with multiple photons in the final state (7d — >■ 77d etc.), but 
is suppressed by powers of a = 1/137 and hence does not significantly contribute in experiments. It is not 
considered in today's theoretical descriptions, whose first inelasticity thus is the deuteron breakup. 



- For vector polarised targets, 6 of 8 observables are accessible, leaving 2 to be determ- 
ined from polarisation transfer observables. 

- For tensor polarised targets, 10 of 12 observables are accessible, leaving again 2 to be 
determined from polarisation transfer observables. 

The 5 correlations between beam and recoiling target polarisation which are necessary for 
complete experiments on the deuteron will be discussed in a future publication 



151. 



This concludes the classification itself; results in xEFT will be presented in Sec. 13.31 



2.5 Relation to Other Parametrisations 

Since some observables in Compton scattering with vector and tensor polarised targets have 
been constructed before, it is appropriate to also relate these to the classification in Eq. (12. 5p . 
Often, observables are expressed not in terms of the degrees of deuteron vector and tensor 
polarisations, but via the occupation numbers of a state quantised along d. From Eq. (12. 2p . 
the density matrix of a pure deuteron state \M^) is: 



,(d) 
d 

,(d) 

d 



\M, 



±1)(M,-=±1 



\Mi=0){Mr=0 



p(d) 
-' 1 

p(d) 



±\ - andPr = ^ 



(d) 



1 



and Pr 



id) 



V2 

-V2 



(2.16) 



2.5.1 Chen's Tensor-Polarised Cross Section 11 



The first tensor observable was constructed by Chen [ll|, and also used by Karakowski 



and Miller [12|, ll3|. His definition of a cross section combination for an unpolarised beam 



on a deuteron which is tensor polarised along the z axis translates into the observables of 



,(7) 



>{7) 



Eq. (ESD with P^2 = ^lin = 0, ^d = <^d = and Eq. fl2:T6ll into: 



da. 



dQ 



'>'^ 









2^2 



da 

T2O -TTT 



dl] 



0) - ^(M.. = 1) - -(M.. = -1: 

unpol 

(2.17) 
where the subscript in Mj^ denotes that d points along the 2;-axis for the initial state. From 
now on, the bracketed superscript of an observable indicates the bibliographic reference from 
which the notation is taken verbatim. 

This is the only tensor-observables for which calculations exist, namely at 49 and 69 MeV 
both by Chen and by Karakowski and Miller. Nonetheless, these will not be compared in 
detail with those of the xEFT approach taken in Sec. 13.31 Chen's are derived in the "pion- 
less" EFT, i.e. for typical momenta well below the pion mass and typical photon energies 
u < m^/M ?» 20 MeV [l|. These predictions are thus more of qualitative interest. Shape 
and size of the angular dependence differ indeed considerably from those presented later. 
Karakowski and Miller used an approach similar to that which will be outlined in Sec. 13. H 
but without a dynamical A(1232) and without some pion-exchange diagrams dictated by 



chiral symmetry 12|,|l3|. Their results at 49 and 69 MeV agree up to about 30% in shape and 



magnitude with the ones presented below. The difference does not stem from the A(1232), 
but may be attributed to the fact that their photon-nucleon interaction for rescattering 
terms is expanded only to first order, while Hildebrandt et al. demonstrated that terms 



up to / = 2 should be kept for convergence [33|, l3J|. Tensor-observables should be more 
susceptible to this difference. 



2.5.2 Scalar and Vector Target Observables by Babusci et al. [51 

Babusci et al. [5| were the first to identify a complete set of independent observables for 
Compton scattering, namely for a spin-i target. Their classification applies of course also 
to a scalar- or vector-polarised deuteron target, provided one sets the tensor-component to 
zero, Pg =0. Experimentally, these observables are measured as asymmetries between 
cross sections with different target and beam polarisation angles ('(^d! V^d! V^Un); normalised 
to their sum. The configurations are chosen such that their cross sections sum to twice the 
total unpolarised cross section. 

Specifically, the beam asymmetry in Refs. p, IsMlOj is the difference of the cross sections 
of a linearly polarised beam {Pi^ = 1, -Pcjrc — 0) either in the scattering plane (y^un = 0) or 
perpendicular to it {ifun = vr/2) on an unpolarised target {P^ = P2 = 0), normahsed to 
their sum. Inserting these choices into Eq. (12. 5p identifies 

(V^lin = 0) - (V^lin 
(V'lin = 0) + ((/?iin = f ) 



^3 



da da 


-\^ 


da . „N do- , 
df]^^"" = °) + dl](^^- = 

= f ) _ (</'lm = 0) - ((/^lin = 


= -) 



(2.18) 



For readability, the differential cross section symbol is dropped in each term in the second 
line, and an abbreviation ". -|- ." is introduced for a denominator which is the sum, rather 
than the difference, of the terms in the numerator. Not surprisingly, all definitions of the 
beam asymmetry coincide. 

The vector target asymmetry with unpolarised beam [P^ = 1, Pg = PciJc ~ Min ~ ^) 
translates as 

s.\k _ (^d = f ,v^d = +f) - (^d = f,y^d = -f) _ 1 

S, - -^ - -^ Tn , (2.19) 

the vector target asymmetries with right-circularly polarised beam {P{ =1, P^\J!^ = 1, 
P^'^ = P}Z^ = 0) as 

^i _ (^d = f,y^d = 0)-(^d = f,y^d = 7r) _ 1 

^2x — 7 — To^^ 1,^-^Uj 
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and finally those with linearly polarised beam on a vector target {P^ 



(d) 



(7) 



P. 



(d) 



P 



(7) 



1 P^ 

-■-' Min 



E 



B 



0) as 



2' 



<^d = 0; ipiin = +f) - (f , 0; v^ii, 



_(ylin_yH„J (2.22) 



(^d = 0;(/?iin = +f)-(0;y?ii, 



2' 



</2d 



. + . 



-T, 



lin 
10 



o)-(f,f;f)]-[(f'-f;o)-(f'-f;f)] 



3y 



+ [. + . 



_ (J^lin + ylin^) 



or 



rjilin 
-'ll 



1 

7! 



"Ix 



"3s/ 






72^^^^ 



"3y 



(2.23) 

(2.24) 
(2.25) 



2.5.3 Polarised Deuteron Observables by Chen et al. ||6|], Choudhury/Phillips 
@, Q and Griefihammer/Shukla [OQi] 



These authors define observables in analogy to those introduced by Babusci et al. [5[]. How- 
ever, the deuteron is taken to be prepared such that only the magnetic quantum numbers 
M^j-= ±1 contribute, in the direction d in which the density matrix is diagonal. To under- 
stand why this difference may lead to confusion, consider the single-polarisation observable 
for scattering an unpolarised (or circularly polarised) beam on a deuteron target which is 
polarised in a pure Miy = ±1 state perpendicular to the scattering plane (i.e. parallel or 
anti-parallel to the y axis): 



da 



(M, 



ly 



-11 



da 

dn 



{M,, 



ly 



41 



(2.26) 



where the samei-abbreviation as in Eq. (12.181) is used. This appears to be the natural 
application of Sf^', Eq. (I2.19p . to the deuteron. Since the deuteron polarisation is flipped 
in the difference, the numerator should describe a vector-polarised deuteron. According to 
Eq. fITTB]) . a pure state \MJ = 1 is described by P^"^^ = .fij^ and Pf^ = 1/^2. For this 
observable, d is parallel to the y-a.xis, so that M^y = ±1 corresponds to 'dd = 7r/2, ip^ = ±7i/2. 



With P 



(7) 



3(7) 
lin 



and the same abbreviations as before, the numerator becomes: 



(Miy = +l)-(A4 



-11 



vr 



Hy - -1-^,-yivMy - -x; - (^d = -,^d = +l^)-['l^d = - , ^d = "-) = -VSTn — 

{227) 
Tensor-observables do indeed not contribute. In contradistinction, the denominator reads: 



{Miy = +1) + {M, 



ly 



(^d = -, ^d = + 2 ) + (^d = -, ^d = - 2 . 



2-\—T,o + — T,, 



da 
dl] 



(2.28) 
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It is no more proportional to the unpolarised-cross section since the Miy = 0-term is absent, 
as noted aheady in Refs. p, la |9[. Like in Ey of Eq. (12.191) . the resulting asymmetry 



2^3 T] 
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A-V5T22-V2T, 



(2.29) 
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is proportional to Tn, but the prefactor has changed and now depends in addition on the 
tensor-polarised observables 72(0,2)- While the same symbol is used for the vector target 
polarisation in Ref. J5| and for that of Ref. J6|, Eq. (I2.26p . the two are actually different: 



^^ + ^y 



(2.30) 



It is for that reason that the apparent notational degeneracy is lifted throughout this article 
by including an explicit reference superscript. 

Translating the other observables of Refs. p, I8l-ll0| is now straightforward. Asymmetries 
with unpolarised targets are of course identical, Eq. p lj^.lSp . Since Ref. 10| considers both 



differences of polarised cross sections (denoted by A^) and their asymmetries E^^, both 
are also recorded in the following. One finds with BI = \/o/2, Pg = 1/ v2, -Pcirc ~ ^ ^^"^ 



(7) 






for the asymmetries built in analogy to E 



a 



2x/z- 



. circ hj 



y-icirc LL 
A circ [1 



a 



{Mi, = +1; Ai = 1) - {Mi, = -1; 1) = (?9d = |, <^d = 0) - (^, <^d = vr) 



= E 



A, 



circ hfll 



2^3 Ti7 



+ 



4 + V3T22-V2T, 
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da. 



2[Ai— ]ia = (M,, = +1; 1) - (M,, = -1; 1) = (^a = 0) - (^d = tt) 
"^^^1° dQ 



unpol 



circ [1 



VSTf, 



circ 
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V2 + T, 



(2.31) 
(2.32) 

(2.33) 
(2.34) 
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In no case is the denominator just proportional to the unpolarised cross section; instead, 
it also depends on|-|r2(o,±2)- It should be noted that Ref. p] provides formulae for the 
denominators of E^ , which depend only on the scalar and vector parts of the target 
polarisation. These results could not be reproduced. 

The following additional cross section differences and asymmetries for linearly polarised 
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beam on a polarised deuteron target were described in Ref. 10(]: 



lin [1 
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l;*^!!! 



IT 
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0; v^iin = 0) 



1; V^lin = 
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(2.36) 



(Mi2 = l;v9ii, 
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v^T, 
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>(7) 
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and P^-^ 



1. Notice that the numerators A 



(2.37) 
(2.38) 



v-,lin [lO|| 1 r-,lin [lo| 

La; and L^ 



lin 

x/zi 

lin 



with P,^''^ = v^, ^2 ^ = 1/72, P, 

depend on different and nontrivial combinations both E^™ and T^^^^)- 

would be identical if the tensor-polarised observables were zero. n ri 

The additional terms proportional to 72(0,2) in each denominator of S^ and S*^y^ ™ 
will turn out to be by themselves rather large, sensitive to the polarisabilities, and signific- 
antly dependent on photon energy and scattering angle; see Figs. El [9] and [11] in SecH 3.3[ 
Without this input, no simple conclusions can thup-be drawn from the variation of S^ on 
that of the numerators. On the other hand, A_"J_ is dominated by T}™ and To™o since 



-^2(0 2) ^^^^ turn out to be very small. 



x/z 



2,-2 



3 Observables in xEFT 

3.1 Theoretical Ingredients 

The following sub-sections explore the sensitivity of these observables to the scalar and spin 
dipole polarisabilities in ^EFT. Since this version of the deuteron Compton scattering amp- 



34 and summarised 



litudes is described comprehensively in previous publications [10|, |33 
in a recent review [l|, its main ingredients are only sketched here. 

In xEFT with explicit A(1232) degrees of freedom, four typical low-energy scales are 
found in deuteron Compton scattering: the pion mass m^r ~ 140 MeV as the typical chiral 
scale; the Delta-nucleon mass splitting Am ^ 290 MeV; the deuteron binding momentum 
(inverse deuteron size) 7 ^ 45 MeV as the typical scale of the bound NN system; and the 
photon energy u. When measured in units of a natural "high" scale A ^ Aj\/,"7,7r,a;,7 
at which xEFT with explicit A(1232) degrees of freedom can be expected to break down 
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because new degrees of freedom become dynamical, each gives rise to a small, dimensionless 
expansion parameter. Typical values of A are the masses of the u and p as the next-lightest 
exchange mesons (about 700 MeV). To avoid a fourfold expansion, it is convenient to 
approximately identify some scales so that only one dimensionless parameter is left. In the 
^-expansion of Pascalutsa and Phillips |39|, one chooses 



6 



A 



M 



A 



A 



1/2 



(3.1) 



i.e. numerically 6 ~ 0.4. The identity is exact for A ^ 600 MeV. Since present experiments 



are run at lo < 200 MeV, the nonzero Delta-width is not tested, cf. Ref. 28 



The two- nucleon dynamics adds the momentum scale 7 of the shallow bound state. 
Based on Refs. 10|, l33|, |3J, |40|, |4]J, Chapter 5 of Ref. |l| provides a "unified" deuteron 
Compton amplitude which is complete at order e^6^ and valid from zero photon energy to 
just below the pion production threshold, oj < m^_ . This variant is identical to C(e^) in the 



"Small Scale Expansion" |35l-l38 



10|. At this order, the Compton scattering 



used in Ref. 

kernel consists of "one-nucleon contributions" in which both photons interact with the same 
nucleon (Fig. [3]), and "two- nucleon contributions" (Fig.|2]). The latter consists of two classes. 



2X2^ 



each of which contributes at 0{e 5 




"-, SffN j-l 



^ 



^ 



(a) 



(b) 



(c) 



Figure 2: (Colour on-line) Two-nucleon contributions in xEFT at order e^(5^ (permuted 
and crossed diagrams not shown). Photons couple to the same pion (a); rescattering con- 
tributions ((b,c); ellipse: two-nucleon S-matrix; dot: coupling via minimal substitution or 
magnetic moment); from Ref. [lO|. 



(1) Both photons couple to the charged pion-exchange current. Fig. |2] (a) |42| . 

(2) Each photon couples to the nucleon charge, magnetic moment and/or to different 
pion-exchange currents; Fig. |2] (b) and (c). Between the two couplings, the nucleons 
rescatter arbitrarily often via the full NN S-matrix (including no rescattering at all). 
These contributions are small for u ~ rrij^ but required for w < 7 in order to restore 
the exact low-energy theorem of Compton scattering, i.e. the Thomson limit J43l - 

At zero energy, its emergence in the xEFT power-counting mandates that the 



46 



contribution of Fig. [2] (b) must be exactly minus half that of the one-nucleon Thomson 
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term, Fig. E] (a), and that the pion-exchange contributions of Fig. [2] (a) and (c) must 
add to zero [l|. Such stringent numerical tests are fulfilled to better than 0.2%. At 
higher energies, the significance of this cancellation belies in a considerable reduction of 
the dependence of the amplitudes on the deuteron wave function and NN potential \^. 

The one-nucleon sector is formed by: 





A 



(a) 



(b) 



(c) 



(d) 



V 



(e) 



Figure 3: (Colour on-line) One-nucleon contributions in xEFT at 0{e'^6^) (permuted and 
crossed diagrams not shown). Top: embedding into the deuteron. Bottom: one-nucleon 
Thomson term (a); pion cloud around the nucleon (b) and A(1232) (double line; (c)) ; 
excitation of an intermediate A (d); short-distance effects to oei and Pmi (e); from Ref. 10 . 



(1) Single-nucleon Thomson scattering. Fig. |3](a), is the leading-order term, (9(e^(5°). 

(2) Coupling to the chiral dynamics of the single-nucleon pion cloud. Fig. [3] (b), 0{e'^6^). 

(3) Excitation of the A (1232) intermediate state. Fig. |3](d), and coupling to the pion cloud 
around it Fig. [3] (c), each contributing at 0(6^6^) for u < m^. Following Ref. [l|, the 
A is treated non-relativistically and with zero width, using Am = 293 MeV, g-j^NA = 
1.425 and the non-relativistic version of the NA7 Ml-coupling bi = 5, obtained from 
converting the relativistic value of qm = 2.9. This value, in turn, is found by fitting 
the single-nucleon amplitudes to the data above 150 MeV in the proton Compton 
database established there. 

(4) Two energy- independent, isoscalar short-distance coefficients. Fig. |3](e), which encode 
those contributions to the nucleon polarisabilities aEi and Pmi which arise at this order 
neither from pions nor from the A(1232). Since they are formally of one order higher, 
0{e'^6^), the order of the resulting total amplitude is called "modified 0{e'^6^)" . While 
these "off-sets" for the static polarisabilities are determined by data, the energy- and 
isospin-dependence of the spin-independent polarisabilities are at this order predicted 
in xEFT. Here, their values are taken from the determination in Ref. [l|; see Eq. (II. 3p . 



15 



Nucleoli polarisabilities arise solely from terms (2) to (4). In this power-counting, "switching 
off" A(1232) contributions is equivalent to a calculation at one lower order, 0{e'^6^, in which 
the scalar polarisabilities are parameter-free predictions: oei = 10(3mi = 12.5 J26| . 

These kernels are convoluted with deuteron wave functions to obtain the amplitudes 
{Mf, Xf\T\Mi, Aj) of Eq. (12. 6p . Results in this article are obtained with the xEFT deuteron 
wave function at N^LO (cutoff 650 MeV) in the implementation of Epelbaum et al. 47| and 
the AV18 potential |48| for NN rescattering. This combination provides an adequate xEFT 
representation of the two-nucleon system; see discussion in Ref. [ill and Sec. 13.3.21 below. 

This formulation differs from the previous ones of Refs. [lO|, |33|, |3J] in some numerical 
improvements, a new parameter set (6i, q-kNA, Am) for the A(1232) from the Breit-Wigner 
parameters and the proton Compton data, and in slightly changed numbers for the isoscalar, 
scalar polarisabilities. In a fully consistent EFT calculation, the kernel, wave functions and 
potential should of course be derived in the same framework. This is work in progress. 



3.2 Strategy 

At this (modified) order e^(5^, the static isoscalar dipole polarisabilities are (with theoretical 
uncertainties of about ±0.8 from higher-order contributions and in the canonical units of 
10~^ fm for the scalar polarisabilities and 10~^ fm for the spin-dependent ones) |ll. llOl. llTj: 



lElEl 



-5.5 



Oei = 
lAIlMl 



10.9 
= 3.1 



Pmi = 3.6 
7M1B2 = 1.0 



1EIM2 



1.0 



(3.2) 



Since the deuteron is an isoscalar, only average nucleon polarisabilities are accessible in 
elastic deuteron Compton scattering. In order to analyse the sensitivity of each observable, 
one varies each dipole polarisability about the static central value by adding the parameters 
5aEi, 5 13 Ml, (^7ei_ei, (^Tmimi, ^Ieimi and 5^mie2 to the interactions of the single- nucleon 
sub-system, Eq. (II. ip J8|, [lO| . Their contribution to the amplitudes in the 7N cm system is 



A'^u, z) 



4tt u 



[6aEi + z 6/3mi] {^ ■ e") - S/3mi (e"' ■ k) {e- k') 

-i [S'jEiEi + z 6-fMiMi + S'jEun + z S-fMiE2] u a ■ {e X e) 
+i [S'yMiE2 - S-^MiMi] w a ■ (J:' xkj {e -e) 



+i ^7a/ia/i ^ <? ■ 
+i S'jEiM2 w a ■ 



k) 



(e'xk){e-k')- (exk'){e'- 
U xk'\{e-k')~ (exk){e'-k) 



(3.3) 



These variables may be considered as parametrising the difference between predicted and 
(so-far un-measured) experimental static values of the polarisabilities, under the assumption 
that the energy-dependence from the pion-cloud and A(1232) is correctly predicted in xEFT. 
Alternatively, one can view them as parametrising deviations from the order-e^(5^ xEFT 
amplitudes at fixed nonzero energy, including the theoretical uncertainties of higher-order 
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effects. In that case, the deviations themselves could be seen as energy- dependent. Such an 
approach forms the basis of a multipole analysis of deuteron Compton scattering advocated 



in Refs. [10|, |41l |50|. Determining the six dipole polarisabilities is then in principle reduced 
to a multipole- analysis of 6 + 1 high-accuracy scattering experiments. 

The variation of the isoscalar values by ±2 canonical units is chosen since it is roughly 
at the level of the combined statistical, theoretical and Baldin- sum-rule induced error for 
uei and (3mi (H.3P . With quadratic contributions of the polarisabilities S{aEi, /^Miyli) sup- 
pressed in the squared amplitudes, variations by other amounts are easily linearly extra- 
polated. In practise, the scalar polarisabilities of the proton are constrained to better than 
±2, so that deuteron Compton scattering experiments are more likely focused on extract- 
ing neutron polarisabilities. In that case, these studies can be interpreted as providing the 
sensitivities on varying the neutron polarisabilities by ±4 units, with fixed proton values. 

The spin polarisabilities are however less well known; besides the constraints of Eq. (11. 5p . 
no experimental information has been published thus far, and theoretical descriptions easily 
disagree by as much as 2 units [l|. For example, a recent determination of the scalar dipole 
polarisabilities of the proton included varying one of the spin polarisabilities to Jmimi = 
2.2 ± 0.5(stat), which - combined with its theoretical accuracy - would by itself already 
suggest a variation by about 2 units. 

Amplitudes from scalar polarisabilities scale like u"^, while those containing spin polaris- 
abilities scale like u^; see Eq. (13.31) . Ideally, one can therefore perform high-accuracy exper- 
iments at relatively low energies, a; < 70 MeV, to better determine a^i and f3Mi and con- 
strain high-energy predictions. The spin polarisabilities are then extracted at > 100 MeV, 



as already advocated in Ref. [10[. The observables considered here follow this pattern. 



Additionally, one should address: 

(1) The Baldin sum rule constraint, Eq. (II. 4p . However, its independent test by better 
data at forward angles would be expedient. 

(2) Weaker constraints for the forward and backward spin polarisabilities, Eq. (II. 5p . come 
with considerable theoretical and systematic uncertainties. 

(3) Logistic constraints like detector placement and available beam energies, as well as 
detector and polarisation efficiencies. All these must be taken into account to de- 
termine which experiments have the potential for the greatest sensitivity on a given 
polarisability and of the greatest impact in the network of data already available. 

Considering asymmetries removes many systematic experimental uncertainties, but the 
corresponding count rates are necessary for beam-time estimates and follow from multiplying 
with the unpolarised cross section, cf. (12. 5p . In general, asymmetries are by < 30% less 
sensitive to variations of the polarisabilities than the corresponding count rates. Sometimes, 
sensitivity to the nucleon structure is even lost entirely, while an enhancement appears in no 
case. It is the purview of our experimental colleagues to determine inhowfar such draw-backs 
outweigh the benefits of measuring asymmetries instead of cross-section differences. 

To present all 17 asymmetries and their rates, plus the unpolarised cross section, depend- 
ing on 6 dipole polarisabilities and 2 kinematic variables (photon energy u and scattering 
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angle 6) in the cm and lab frame, plus additional theoretical uncertainties and both the- 
oretical and experimental constraints, far exceeds what can adequately be conveyed in an 
article. Here, the focus is therefore on some prominent examples. In order to facilitate 
planning and analysis of experiments, the results of all observables are available as an in- 
teractive Mathematica 9.0 notebook from hgrie@gwu.edu. It contains both tables and 
plots of energy- and angle-dependencies of the cross-sections, rates and asymmetries from 
10 to about 120 MeV, in both the cm and lab systems, including sensitivities to varying 
the scalar and spin polarisabilities independently as well as subject to the Baldin sum rule 
and other constraints. Since it considers all observables with polarised beams and/or tar- 
gets, it supersedes Ref. 10[ which only dealt with some observables, built in analogy to the 
Babusci-classification; see Sec. 12.5.31 Figure H] shows a sample screen-shot of a cross-section 
difference with user-defined beam and target polarisations. 
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Figure 4: (Colour on-line) Screen-shot of part of the interactive Mathematica notebook. 



It is finally worth re-emphasising that the purpose of this study is to establish relative 



sensitivities of Compton scattering observables on varying the polarisabilities [10|. Credible 



predictions of their absolute magnitudes are only meaningful when all systematic uncertain- 
ties are properly propagated into observables. Such errors include: theoretical uncertainties 
from discarding contributions in xEFT which are higher than order e^5^, like including ef- 
fects of the A(1232) width and parameter uncertainties; uncertainties in the data and in 
the Baldin Sum rule, Eq. (11. 4p : and to a lesser extend residual wave-function and potential 
dependence as well as numerical uncertainties. 



3.3 Results 

3.3.1 Size and Sensitivity 

Figures IS] to [2^ present the xEFT results of an (9 ( 6^(5"^) -calculation, with dynamical A(1232) 
and A^A^-rescattering. Let us concentrate on the sensitivity to the polarisabilities at one 
representative energy in the (experimentally most relevant) lab-frame. With an eye on 
parameters at HI7S, MAXlab, MAMI and possible future high-luminosity accelerators like 



MESA [5]J], a beam energy of ui^h = 100 MeV seems appropriate. Staying below the 
pion-production threshold avoids experimental and theoretical complications. 

Since the asymmetries differ by 3 orders of magnitude, one should keep in mind changes 
of scale between plots of different observables. Comparing them is simplified by plots of T2M, 
T"lf, T2"f, T|'^j and T2™j, each for the different non-trivial values of M at cjiab = 100 MeV. 
With magnitudes of up to 0.60, the largest asymmetries are S^™, T^q^ and 2^2" 2' followed by 
magnitudes on the order of 0.1 for Tjm, T™'^, TJ'/'q _-^^^ and T^^ _-^y The order of magnitude 
of T2^My ^10° ^^^ ^21° is 10~^, and that of T|™ and T22° even 10"'^, providing considerable 
experimental challenges. The observables Tjfj show a clear hierarchy, with sizes increasing 
substantially towards the most negative M-values at given J. 

The top panel of each single-observable plot. Figs. 151 to 171 and 19) to [231 shows the energy- 
dependence of each observable at four scattering angles 6'iab G {60°; 90°; 120°; 150°}. In each 
case, the deuteron breakup point at cuiab ~ 3 MeV is clearly visible. Only T22'^'^ and Tg™ 
significantly decrease with increasing photon energy, but T2(i o) and T2Q change sign around 
90 MeV. All observables which are zero below the first threshold, Eq. fl2.15p . grow rapidly 
above it - in the case of Tn and T|™ ^ even to ~ 0.2 at 100 MeV. 

Sensitivity on the nucleon polarisabilities grows as expected with increasing photon en- 
ergy. In the lower panels of Figs. O to [7] and M to [531 two plots show the sensitivity to uei 
and the combination asi — Pmi when the Baldin sum rule constraint is used. This of course 
also allows one to assess where variations of /3mi are (anti-)correlated to those of aEi- The 
other 4 panels describe variations of the spin polarisabilities, without imposing additional 
constraints. Within one observable, all sensitivities are of course plotted on the same scale. 

Plots of the unpolarised cross section. Fig. [SI are included for quick rate-estimates. Its 
overall size is dramatically affected by a variation of ueii its backward angles by that of 
O-Ei ~ Pmii and there is only minor sensitivity on the spin polarisabilities. 

The beam asymmetry E'™ shows a mildly different angular dependence on aEi and Pmii 
possibly allowing for extractions. That sensitivity to the other polarisabilities is small, had 
already been demonstrated in a xEFT variant without dynamical A(1232) in Refs. [8|, |9|. 
Delta-effects affect this variable only minimally. 

In a future world of high-accuracy experiments with well-controlled systematic experi- 
mental uncertainties, high luminosities and 100% beam and target polarisations, an ideal 
observable should be very sensitive to one polarisability, while being near-insensitive to all 
others. For aEu this singles out Tn (Fig. [ID, Tf^_^ (Fig. [IS]) and T^;°2 (Fig. [22]); for 7^51^1, 
j-arc (^pig_ [12I) . When one takes uei and [5 mi to be know sufficiently well that the influ- 
ence on varying them can be neglected, then T^^'^ (Fig- [T2|l . ^272^^1) (Figs- [HI and [15]) and 
T|™ (Fig. [T7]) are dominated by sensitivity to ''^eiei only. Curiously, Tj™ (Fig. [16]) is near- 
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exclusively sensitive to the mixed spin polarisability 7mie2, and both T22 (Fig. [11]) and Tg",^ 
(Fig. |20|) to its partner Jeim2 ^ albeit all three are very small. 

Alternatively, different angular dependencies can be used to dis-entangle two polarisab- 
ilities from the same observable; see e.g. T21 for •Jeiei and 7mi_B2 (Fig. [ID]) and - to a lesser 
extend - Tg™ for 7a/ia/i and 'jEiAn (Fig. [21]). Keeping in mind that none of the tensor 
observables have an analogue in Compton scattering off the nucleon, such an augmentation 
is absent in the one-nucleon case. It appears that mixed polarisabilities are much better 
accessible in scattering from the deuteron. The photon quadrupole coupling to one nucleon 
(M2 in 7B1M2 and E2 in 7mi£;2) seems to be enhanced by the D wave components of the 
deuteron wave function and pion-exchange current, Fig. [2] (a) and (c). One may thus spec- 
ulate that determinations of 7eim2 and 7mie2 will first appear from deuteron data - if the 
necessary accuracy can be reached for these small asymmetries. 

References [ll, [lO], [52] have argued in detail that sensitivity to a specific polarisability 



can be maximised or switched off by considering particular target-beam combinations at 
particular angles. To that end, one either maximises the scalar products between photon 
polarisations e, e', photon momenta k, k' and nucleon spin a, or one chooses some vectors to 
be orthogonal or parallel, rendering the associated (scalar or vector) products zero. Many of 
these "zero sensitivity points" are preserved when the relative motion of the 7A^ cm system 
inside the deuteron is taken into account. In some cases, the deuteron effect lifts the zero, 
but only barely, since the nucleons are predominantly in a relative S wave, while D wave 
contributions (also from pion-exchange currents. Fig. [2] (a/c)) are suppressed. Relativistic 
boost effects are small at the energies considered |55|. Examples include the following 
insensitivities (angles in cm frame): ^2(2,0) to (3 mi at 90°; T20 to ■Jeiei at 60° and to 'Jeim2 
at 120°; T21 to 7B1M2 and 'yMiE2 at 90°; T^^"" to 'Jeiei at 90°; and Tg™ ^ to 7mimi at 90°. 

A good example of undesired correlations between variations of different polarisabilities 
is T22^ (Fig. [H]), where angular dependencies and magnitudes of changing aEi and 'Jeiei 
are near-identical. T^^^^ (Fig. [T3]) is near-equally sensitive to all dipole polarisabilities. 

Applying these criteria and assuming that aEi and (3mi are known, the following ob- 
servables could therefore provide an experimentally realistic but challenging complete set 
from which to cleanly determine the isoscalar spin polarisabilities: Ti"'^ for '^eiei (variation 
by ±2 translates into ±5% of an asymmetry magnitude of about 0.3), followed by angular 
dependence of Tg™ (±15% of mag. 0.05) for 'Jmimi, followed by T22 (±5% of mag. 0.15) for 
1M1E2 and check on 7MIA/I5 plus T21 (±15% of mag. 0.03) for '~iEiM2- The different angular 
dependencies of T21 (up to ±20% of mag. 0.05) can serve as valuable check. 

3.3.2 Dependence on Rescattering, A-Physics and the NN Interaction 

As hinted above, reliable theoretical predictions should include a study of residual theoretical 
uncertainties. The aforementioned Mathematica notebook therefore explores the influence 
of NN rescattering, of the dynamical A (1232), and of the particular two-nucleon interaction 
used. The results mostly confirm those of Refs. [l|, [lO| and thus are only summarised here. 
Rescattering significantly affects all observables for energies < 70 MeV and is important to 
reduce residual dependence on the NN potential and deuteron wave function up to 120 MeV, 
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as predicted by the power-counting. Details of the NN potential or deuteron wave function 
are not reflected in observables. For example, at 100 MeV, the largest wave-function de- 
pendencies are ~ ±5% of the maximum in T22'^ and ~ ±2% of the maximum in T2q- These 
observables are however quite small (< 0.05); all other observables suffer from a residual 



wave-function dependence of < 1% at that energy, as tests with AV18 [48|, Nijmegen 93 [49 
and other wave functions demonstrate. 

Not surprising is also that A(1232)-effects become more pronounced with increasing 
energy. It is now well-understood that its spin-flip amplitude considerably changes the 



shape of the unpolarised differential cross section at backward angle s |33l. I34L l53l|. thereby 



solving the "SAL puzzle" of deuteron Compton data at 94 MeV [12|, [jj, |42|, iMMi . While 
the influence of the Delta on some observables like S^™ may be very small, it is hard to 
imagine an EFT without it to be reliable at photon energies around 100 MeV. As case in 
point, T2Q is at 100 MeV increased by 50% and changes shape when the Delta is included; 
T^q"^ increases by 30%, while T21 is reduced by 20%, and T22 even by 50%. T20 changes 
shape at forward angles. Delta effects cannot be neglected above about 70 MeV, especially 
in the large momentum transfers at at back-angles. 



4 Conclusions and Outlook 

Based on a well-known decomposition of the deuteron photo-dissociation cross section, this 
work presented a classification of all 18 independent observables in Compton scattering off 
an unpolarised, vector, tensor or mixed-polarised spin-1 target with unpolarised, circularly, 
linearly or mixed-polarised beam when final-state polarisations are not detected. The un- 
polarised cross section, beam asymmetry, 4 target asymmetries and 12 double asymmetries 
were expressed in terms of the helicity amplitudes and related to previously used, incom- 
plete parametrisations. This decomposition is particularly transparent, with each observable 
readily translated into specific, well-known beam/target/detector combinations. 

The method was then applied to deuteron Compton scattering in xEFT with dynamical 
A(1232) degrees of freedom using amplitudes which are complete at order e^5^ in the energy 
range from the Thomson limit to just below the pion production threshold. Since this process 
tests the isoscalar two-photon response of the nucleon, embedded in the simplest bound few- 
nucleon system [l|, the sensitivity of each observable on the 6 dipole polarisabilities of the 
nucleon was studied. These, in turn, encode information on the symmetries and strengths 
of the interactions with and between the hadronic internal low-energy degrees of freedom. 
They characterise the radiation multipoles which are generated by displacing the charges and 
currents inside the nucleon in the electric or magnetic field of a photon with definite energy 
and multipolarity. To determine in particular the 4 spin polarisabilities is the objective of a 
large-scale effort including HI7S, MAX-Lab and MAMI, since they parametrise the response 
of the nucleon spin degrees of freedom but are not yet well-constrained. This study thus 
aids in planning and analysing experiments to determine the nucleon polarisabilities from 
deuteron Compton scattering. An interactive Mathematica 9. notebook of its results over 
a wide range of energies is available from hgrie@gwu.edu. 
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With future high-accuracy determinations of the scalar polarisabihties aEi and Pmi 
at lower energies, the spin polarisabihties seem to be reliably extractable at energies of 
> 100 MeV from the observables T^^'^ (circularly-polarised beam on vector target), ^2(2,1) 
(unpolarised beam on tensor target) and Tg'^'J qn (linearly-polarised beam on tensor target). 
This experimentally challenging but realistic set consists of asymmetries which have maxima 
from 0.3 to 0.05 and are mostly sensitive to only 1 or 2 polarisabihties. Modifying the spin 
polarisabihties by ±2 x 10~^ fm in them induces variations of ±5% to ±20% at 100 MeV. 

Since nuclear binding is mediated by charged pion-exchange currents to which the 
photons can couple, deuteron Compton scattering concurrently tests the detailed symmet- 
ries and dynamics of nuclear binding. The D wave contributions of the deuteron wave 
function and of the pion-exchange currents lead to nonzero tensor observables. By interfer- 
ence with the quadrupole components of the incident and outgoing photon, these, in turn, 
seem to be much more sensitive on the mixed spin polarisabihties 'Jeim2 and 7mi£;2 than 
any single-nucleon observable. One may thus speculate that their determination will first 
appear from deuteron data - if the necessary accuracy can be reached. 



Ongoing work includes embedding the 0{e'^6'^) single-nucleon amplitudes of Ref. 28|] for 
an extension to photon energies above the pion-production threshold, also with A-ful pion- 
exchange currents; inclusion of a chirally consistent NN potential; and a detailed assess- 
ment of theoretical uncertainties. In support of ongoing and planned experiments at HI7S, 
MAX-Lab and MAMI, this effort is pursued in the context of a comprehensive theoretical 
description of Compton scattering on the proton, deuteron and ^He in xEFT, valid from 
zero photon energy well into the A resonance region. As pendant to the present article, 
a classification of the independent polarisation transfer observables on a spin-1 target will 
determine those 5 which are linearly independent and complement those presented here 
for the complete set of 23 independent observables [l5|. From these, the 23 independent 
real amplitudes can be reconstructed in turn, and hence all information accessible in the 
two-photon response of the deuteron and its constituents. 

Finally, I offer to embed single-nucleon Compton amplitudes, chiral or not, into the 
available deuteron code, so that other theoretical descriptions can be tested collaboratively. 
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Figure 5: (Colour on-line) Unpolarised cross section dcr/dn|unpoi in the lab frame, in 
nbarn/sr. Top: energy- dependence at different angles. Other panels: sensitivity to varying 

a polarisability abouts its central value ( ) of Eq. (13 .2^ by +2 ( ) and —2 ( ) 

units, at cuiab = 100 MeV. From top left to bottom right: variation of aEi, CiEi — Pmi 
(constrained by Baldin sum rule), '^eiei, Imimi, 1eim2, 1mie2- 
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Figure 6: (Colour on-line) Beam asymmetry S^™ in the lab frame. Top: energy-dependence 
at different angles. Other panels: sensitivitj^rto varying a polarisability abouts its central 

value ( ) of Eq. I^2ij by +2 ( ) and -2 ( ) units, at Wiab = 100 MeV. From top 

left to bottom right: variation of asi, a^i - /3mi, Ieiei, 7mimi, 7S1M2, 1mie2- 
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Figure 7: (Colour on-line) Vector target asymmetry Tn (lab frame). See Fig. |6]for notes. 
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Figure 8: (Colour on-line) Comparison of the relative sizes of, from top left to bottom 
right, T2M, Tim, Tflh T^lli^ T^m^ at wiab = 100 MeV in the lab frame, with the static 

polarisabilities given by Eq. (Q- : M = 0; : M = 1; : M = 2; : 

M = —1; : M = —2. Each panel is drawn at a different scale. 
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Figure 9: (Colour on-line) Tensor target asymmetry T22 (lab frame). See Fig. [6] for notes. 
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Figure 10: (Colour on-line) Tensor target asymmetry T21 (lab frame). See Fig. [6] for notes. 
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Figure 11: (Colour on-line) Tensor target asymmetry T20 (lab frame). See Fig. [H] for notes. 
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rure 12: (Colour on-line) Double asymmetry T^"^ (lab frame). See Fig. |6] for notes. 
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ure 13: (Colour on-line) Double asymmetry T'^^'^ (lab frame). See Fig. |6] for notes. 
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14: (Colour on-line) Double asymmetry T22^ (lab frame). See Fig. |6] for notes. 
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Figure 15: (Colour on-line) Double asymmetry T2i^ (lab frame). See Fig. |6] for notes. 
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Figure 16: (Colour on-line) Double asymmetry T^™ (lab frame). See Fig. [6] for notes. 
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;ure 17: (Colour on-line) Double asymmetry T^q (lab frame). See Fig. [6] for notes. 
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18: (Colour on-line) Double asymmetry T]"i^ (lab frame). See Fig. [6] for notes. 
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Figure 19: (Colour on-line) Double asymmetry T22 (lab frame). See Fig. [6] for notes 
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20: (Colour on-line) Double asymmetry T2™ (lab frame). See Fig. [6] for notes. 
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Figure 21: (Colour on-line) Double asymmetry T]^^ (lab frame). See Fig. [6] for notes. 
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Figure 22: (Colour on-line) Double asymrnetry T^^^^ (lab frame). See Fig. [6] for notes. 
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Figure 23: (Colour on-line) Double asymmetry Tj'lg (l^-b frame). See Fig. [6] for notes. 
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